A metastable carbon nanotube with single, double, and triple bonds has been predicted from ab initio simulation. It results from the relaxation of an ideal carbon nanotube with chirality (2,1), without any potential barrier between the ideal nanotube and the new structure. Ten-membered carbon rings are formed by breaking carbon bonds between adjacent hexagons; eight-membered rings, already present in the ideal structure, become the smallest rings. This structure is stable in molecular dynamics simulations at temperatures up to 1000 K. Raman, infrared, and optical absorption spectra are simulated to allow its identification in the laboratory. The structure can be described as a double helical chain with alternating single, double, and triple bonds, where the chains are bridged by single bonds. Ultrathin carbon nanotubes (CNT) with diameter smaller than 3 Å are generally believed to be unstable due to the large distortion of their covalent bonds from the sp 2 trigonal geometry. However, the immense variety of carbon nanostructures are determined by kinetics rather than thermodynamics, and the properties of ultrathin CNT's have been explored in the recent literature [1] . A related kind of objects is linear carbon chains (LCC), which have generated great interest because of their possible applications in carbon nanoelectronics [2] [3] [4] , and also for their observation in the interstellar medium [5, 6] . LCC present coexisting sp and sp 2 hybridization and offer plausible ways to tailor their properties. We have found a metastable structure that deviates from the folded graphene model showing 10-atom rings and several bi-coordinated carbon atoms. This structure can be regarded as a double helical chain with alternating single, double, and triple bonds. In this Letter, we present a description of this structure and its electronic properties. As the carbon nanostructures are generally identified by means of spectroscopy, we also present calculations of the optical absorption, infrared (IR) absorption, and Raman spectra. These calculations have been carried out with the QUANTUM ESPRESSO [7] package in the framework of density functional theory (DFT) [8] .
Ultrathin carbon nanotubes (CNT) with diameter smaller than 3 Å are generally believed to be unstable due to the large distortion of their covalent bonds from the sp 2 trigonal geometry. However, the immense variety of carbon nanostructures are determined by kinetics rather than thermodynamics, and the properties of ultrathin CNT's have been explored in the recent literature [1] . A related kind of objects is linear carbon chains (LCC), which have generated great interest because of their possible applications in carbon nanoelectronics [2] [3] [4] , and also for their observation in the interstellar medium [5, 6] . LCC present coexisting sp and sp 2 hybridization and offer plausible ways to tailor their properties. We have found a metastable structure that deviates from the folded graphene model showing 10-atom rings and several bi-coordinated carbon atoms. This structure can be regarded as a double helical chain with alternating single, double, and triple bonds. In this Letter, we present a description of this structure and its electronic properties. As the carbon nanostructures are generally identified by means of spectroscopy, we also present calculations of the optical absorption, infrared (IR) absorption, and Raman spectra. These calculations have been carried out with the QUANTUM ESPRESSO [7] package in the framework of density functional theory (DFT) [8] .
The chiral CNT (2,1) may have its ideal folded-graphene structure at the cost of having some bond angles as small as 97 and some torsion angles as large as 67 . Our carbon structure was obtained through a variable cell relaxation of the ideal CNT (2,1). The obtained structure resulted from breaking bonds that join adjacent hexagons, to form 10-atoms rings, as shown in Fig. 1 . Eight-membered rings inherited from the ideal (2,1) structure become the smallest and closest path connecting carbons. We will name this structure after the highest-membered ring, CNT10R. CNT10R still has a tubular shape, with an outer diameter of 3.2 Å (measured by the nuclear positions). CNT10R is 21 eV below CNT (2,1) in total energy per unit cell (28 atoms). There is no energy barrier between both structures in our DFT calculations. If the energy is calculated with the Brenner classical bond-order interatomic potential [9] , there is an energy barrier, and the straightforward relaxation preserves the CNT at a local energy minimum with (2,1) geometry. However, the CNT10R structure has lower energy, 14 eV less than the starting CNT (2,1) structure. Note that CNT (2,1) has been reported to be stable when optimized with the semiempirical parametric method 3 (PM3) [1] , and that semiempirical methods are less accurate than DFT for classes of molecules not included in parametrization.
The carbon bond distances display features of single, double, and triple bonds. Let us indicate the coordination of a carbon by a superscript n in the notation n C. We have shown the bond distances in Table I and Fig. 1 . The 3 C (trifold coordinated) atoms form a single chain that has some importance on the Raman spectrum, as discussed below. There are two types of 3 C-3 C bonds. The shortest one is oriented almost transversely to the nanotube axis, while the longest one is almost longitudinal.
We have tested the stability of CNT10R in two ways. First, we performed ab initio relaxation from CNT (2,1) with a triple unit cell (72 atoms) and obtained the same structure. Second, we performed a series of classical molecular dynamics runs [8] at different temperatures, and found that the CNT10R structure is stable at 1000 K. We used supercells containing up to 140 atoms (five unit cells) and time intervals up to 1 ns. As a cross-check, we relaxed the last configuration obtained from MD using DFT, and obtained the same structure and the same energy per unit cell (within 1 mRy) as for the single and triple unit cells. We also tested the effect of dispersion forces using DFT-D correction [10] . Dispersion forces have a negligible effect, decreasing the energy by only 0:054 eV=atom and the periodicity length by 0.3%.
CNT10R is a closed-shell system in its ground state. Figure 2 shows the DFT band diagram and the DOS in the region around the fundamental gap. The lowest gap is 1.23 eV, indirect between the valence band that is maximum at the À point and the conduction band minimum at 0:85=a (a is the lattice constant). The direct gap at the À point is 1.35 eV. DOS shows the van Hove singularities that are common in one-dimensional systems. From the projected DOS [8] , we find that between À11 eV and 3 eV, DOS is dominated by 2p states. Out of this range, 2s states contribute significantly and dominate DOS peaks at À18:3, À14:8, and À14:6 eV. The projected DOS on tri-and bi-coordinated carbons is also shown in Ref. [8] . The largest imbalance is in favor of bi-coordinated carbons at À2:35 eV and tri-coordinated carbons at À7:13 eV.
This imbalance might help us to differentiate both types of carbons using scanning tunneling microscopy. Globally, there is practically no charge transfer between tri-and bi-coordinated carbons, as indicated by the Löwdin charges. A ionization potential of 5.71 eV has been estimated as the difference between the electrostatic potential far from the nanotube and the highest occupied state. DFT values for ionization potentials are systematically low [11] , and a correct value should be about 7.5 eV. Table I shows the bond orders computed with a localized basis set [8] . These bond orders match the bond multiplicities expected from the bond lengths. Further analysis of charge density, spin density, and the electron localization function reveals the absence of dangling bonds and lone pairs [8] .
The optical absorption spectrum calculated using the time-dependent DFT (TDDFT) approach is presented in Fig. 3 . As usual with one-dimensional objects, there is pronounced anisotropy, and the absorption is much stronger for the light polarization parallel to the tube axis. As the optical gap is larger for perpendicular polarization, the perpendicular polarization spectrum should be undetectable in practical cases. It is tempting to ascribe the absorption peaks to the transitions between the van-Hove singularities of the single-particle DOS shown in Fig. 2 . However, the sampling of equivalent k points obtained with our seven unit-cell model cannot reproduce the van Hove structure of the DOS, which was computed with 60 k points. We believe that our calculations select the main features of the absorption spectrum. This is supported by our additional calculations using 3-, 5-, and 8-unit supercells, as well as the calculations in the independentelectron approximation [12] performed using the EPSILON post-processing code of QUANTUM ESPRESSO that allows k-point sampling. With this approach, we used up to 28 k points to sample the Brillouin zone and found that the same polarizability can be obtained with 10 k-point sampling [13] . With seven k points, there are some small differences. The doublet structure at 1.37 and 1.48 eV appears as a single peak with 10 or more k points, and the peak at 2.31 eV is reduced to a small shoulder. In fact, independent electron transitions produce an absorption spectrum with the same structure that the TDDFT approach produces. The main differences are that the TDDFT approach decreases the intensity of the bands at 1.4 and 1.98 eV, and the increment of the band at 3.59 eV. Moreover, the absorption for perpendicular polarization is strongly reduced in TDDFT.
TABLE I. Carbon bond lengths (BL) and bond orders (BO) in CNT10R. n C indicates an n-coordinated carbon.
2 C-2 C 2 C-3 C 3 C-3 C 3 C-3 C Graphene BL (Å ) Bearing this in mind, we can state that the peak at 1.37 eV matches the 1.35 eV direct bandgap at the À point. Moreover, the peak at 1.48 eV matches the vertical transitions between the top valence and the bottom conduction bands along the À-X direction. The peak at 1.98 eV is related to the transitions between the van Hove singularities at À0:7 eV and 1.23 eV, i.e., vertical transitions from the bunch of valence bands at k $ 0:85=a, E $ À0:7 eV to the conduction band minimum. The peak at 3.59 eV seems to be related to the transitions between the van Hove singularities at À2:19 and 1.35 eV or from À2:34 to 1.23 eV. In the first explanation, the transition would occur at k $ 0, starting from the band at À2:23 eV, which has the same curvature as the conduction band. In the second alternative, the transition would be at k $ 0:85=a, from the lowest valence bands of Fig. 2 to the conduction band minimum.
Nonresonant Raman intensities are shown in Fig. 4 . Raman tensors are predominantly diagonal [14] , and the zz-component (along the tube axis) is one or more orders of magnitude larger than the perpendicular components. Therefore, Raman intensities are maximal for the incoming and scattered light polarized parallel to the tube axis. The pattern is not expected to change for nonparallel polarizations, and the overall intensity should be proportional to cos 2 i cos 2 s , where i and s are the angles between the incoming and the scattered light polarization vectors, respectively. A similar orientational dependence has been demonstrated for resonance Raman scattering [15] . The strongest Raman lines, in order of decreasing intensity, are at 2036, 1201, and 1297 cm À1 . The amplitudes of Raman and IR active modes can be seen in the Supplemental Material [8] . The mode at 2036 cm À1 is principally due to stretching all the 2 C-2 C bonds, and this represents a spectroscopical signature of the triple bond. The mode at 1201 cm À1 is due to stretching of the transversal 3 C-3 C bonds. Alternatively, this mode is described as transversal vibrations of the 3 C chain. The mode at 1297 cm À1 is produced by the longitudinal vibrations of the 3 C chain, with every 3 C vibrating in antiphase with its closest neighbors. The frequency of 1297 cm À1 coincides with the so-called D line observed in nanotubes and graphite, which is generally attributed to defects [16, 17] . There are three more modes, at 411, 537, and 690 cm À1 , with Raman intensities 1=5, 1=40, and 1=13, respectively, of the 1297 cm À1 line. These modes are shown in Fig. 4 with their intensities multiplied by 50. We did not find a radial breathing mode in this structure, and hence there is no corresponding Raman line. Moreover, there are no phonon modes between 1409 and 2036 cm À1 , hence the ubiquitous G band around 1582 cm À1 is absent in CNT10R. The absence of these modes is a manifestation of the lack of purely sp 2 carbons in CNT10R.
The IR spectrum presents lines at 279, 488, 711, and 1293 cm À1 , in all cases for polarization parallel to the tube axis. Figure 5 shows the IR activity f IR ¼ j@d=@q j 2 , where d is the dipole moment induced by the normal mode with coordinate q [18] . For perpendicular polarization, the IR intensities are about 50 times smaller, and are not shown. IR signals are generally weak on carbon nanotubes owing to the absence of a static charge. Hence, the IR absorption for perpendicular polarization is probably unobservable in experiments. This pattern of IR spectrum is quite different from predictions and observations in carbon nanotubes, graphene, and graphene nanoribbons [19] [20] [21] [22] . The mode at 711 cm but it can be distinguished since its frequency is about 150 cm À1 lower. Moreover, the low-frequency modes at 279 and 488 cm À1 have large intensities without equivalence in the related systems mentioned. The order of magnitude of IR activity is the same [23] as that calculated in Ref. [22] for graphene nanoribbons. We also computed the IR activity of an (8,0) CNT, which has been reported to display anomalously big IR intensities and Born effective charge tensors [21] , and found the same order of magnitudes as for CNT10R.
The electronic and vibrational properties of CNT10R resemble those of linear carbon chains with coexisting sp and sp 2 hybridization [3, 4] . CNT10R can be regarded as a pair of twinned chains bridged by single bonds between tri-coordinated carbons, as shown in Fig. 6 of Ref. [8] . Each chain has a periodicity of twice the unit cell, and is linked through single bonds between tri-coordinated carbons. The bond multiplicities are idealized in this picture; the bond angles along the chains are not 180 and 120 , and some amount of bond order is transferred from the triple to the adjacent single bonds.
While CNT10R may be identified in a lucky experiment, a possible route for the synthesis of CNT10R may be the use of reactions inside a protecting single-walled CNT. For example, annealing ferrocene peapods allow to obtain a variety of ultrathin and mobile CNT with the minimal theoretical (observed) diameters of 2.5 (3.9) Å [24] .
In summary, we have predicted the existence and optical properties of a carbon tubular nanostructure that is stable for temperatures up to 1000 K. The structure can be regarded as an ultrathin carbon nanotube of chirality (2,1) with broken bonds. Due to the broken bonds, the structure presents 10-atom rings with single, double, and triple bonds. Triple bonds link bi-coordinated carbons that always appear in dimers. The tri-coordinated carbons form a unique helical chain with periodicity length of 11.15 Å . The optical, IR, and Raman spectra present a strong anisotropy that favors configurations with light electric polarization vector parallel to the tube axis. The pattern of Raman and IR spectra differs significantly from the spectra of other carbon structures like graphene, nanoribbons, and standard nanotubes. 
